Compared with the increasing usage of zebrafish as model organism in many laboratories, zebrafish cell lines are still unexploited and limited in applications, partly due to their unknown genetic and physiological properties. In this paper we characterized two zebrafish embryonic fibroblast cell lines, ZF4 and PAC2. We demonstrated the genetic stability of these two zebrafish cell lines and achieved genetic manipulation by either lipid-mediated transfection or an electroporationbased nucleofection method. Data from Affymetrix zebrafish chip analysis demonstrate unique characteristics of these two cell lines in gene expression levels, showing that different zebrafish cell lines can be classified by their transcriptome profile. Their transcriptional responses to serum growth factor exposure suggested that zebrafish fibroblast cell lines may be used for studying processes related to wound-healing or cancer.
Introduction
The zebrafish, Danio rerio, has been used as a successful model for the study of developmental genetics of vertebrates because of its small size, rapid generation time, powerful genomic resources and optically transparent embryos [1] . Furthermore, since zebrafish has innate and adaptive defense mechanisms against microbial infections that are very similar to those of mammals, it also has been recognized as an attractive experimental model for infectious disease and immunity [2] [3] [4] . Although zebrafish has been used in many laboratories to replace or to supplement studies in higher vertebrate models such as rodents, in vitro analyses using zebrafish cell cultures are still not as advanced as in other model systems.
Owing to the transparency of zebrafish embryos and versatile cell implantation protocols [5] , zebrafish cell cultures can be used not only for in vitro cellular analysis systems, but also as a powerful tool for in vivo studies after cell implantation into embryos.
Vertebrate cell lines have been used extensively and successfully in a broad range of fields from embryology to immunology and cancer research. They can have applications for obtaining sufficient amounts of tissues that are hard to isolate or for which little tissue is available. However, many of the most commonly used human or murine cell lines are transformed, exhibiting different gene expression and cell cycle profiles than those of cells in the living organism. In contrast, most of the known zebrafish cell lines are untransformed embryonic cell lines. As zebrafish is a relatively new model organism, only a few zebrafish cell lines have been generated. ZF4, the first reported zebrafish cell line that can be maintained in conventional medium containing mammalian serum, was established from 1-day-old embryos [6] . In the early 1990's, Collodi et al. developed methods for culturing cells from early stage zebrafish embryos and organs of adult fish such as caudal and pelvic fin, gill, viscera and liver [7] . They derived the ZFL cell line from a pool of approximately 10 normal adult zebrafish livers [8, 9] , and the ZEM2 cell line from blastula-stage embryos [10] . ZEM2S cells were derived from ZEM2 by selection of growth in a basal nutrient medium. It was reported that zebrafish embryonic cell lines derived from blastula and gastrula stages remained pluripotent and germ-line competent for multiple passages in culture [11] . Recently it was reported that some zebrafish germ-line chimeras could be generated using short-term primary embryo cell cultures [12, 13] . Fibroblast-like cell lines ZF13 and ZF29 were generated by Zivkovic et al. [14] and they were first used in the study of the early cellular ionic response to EGF. Around the same time, retroviral infection was performed in the embryonic PAC2 cell line as the first success of retroviral vector technology in zebrafish [15, 16] . Later several fibroblast cell lines were derived from amputated caudal fins of adult zebrafish of the AB and SJD strains in 1999 [17] .
One of the bottlenecks for further applications of zebrafish cell cultures is that a detailed characterization and comparison of the existing zebrafish cell lines is lacking. Although some of the zebrafish cell lines were established more than 10 years ago, their genetic and physiological properties are still not well known, which limits their application. Moreover, the fact that general gene expression profiles of zebrafish cell lines have not been analyzed also makes it difficult to perform advanced gene expression assays in zebrafish cell lines. Therefore a good characterization of zebrafish cell lines is required to build up cellular model systems and to broaden the applications, as in the case in mouse and human cell lines. The recent advances in microarray gene expression profiling offer an excellent opportunity to further characterize zebrafish cell lines.
In this study, we describe the morphology and physiology of two zebrafish embryonic cell lines, ZF4 and PAC2. Their properties as transfection hosts were tested and optimized, providing information for future biological studies for instance on gene expression and cell signaling. To obtain a stable reference data set that can be used as a public resource for comparison to data from other research projects, we chose the Affymetrix zebrafish GeneChip platform for transcriptome characterization of the cell lines. Our microarray data demonstrated unique characteristics of ZF4 and PAC2 cell lines in gene expression levels compared with adult zebrafish or 24-hour embryos, and as well as their transcriptional programs in response to serum growth factor exposure. Comparable to the results obtained in human cell lines, serum treatment of fibroblast cell lines was shown to have interesting similarities with the transcriptional responses in wound-healing and cancer.
Results

Biologic characteristics of zebrafish cell lines
In this study two zebrafish embryonic cell lines ZF4 and PAC2 were investigated as potential models. The ZF4 fibroblast cell line was established from 1-day-old zebrafish embryos by Driever et al. [6] and showed typical fibroblast morphology (Figure 2 ). The PAC2 cell line was isolated from 24-hour-old zebrafish embryos by Chen and Amsterdam et al. [15, 16] . Although it was described as a fibroblast cell line [16] , it didn't show a clear fibroblast morphology in our experiments and therefore it is not certain they are fibroblasts (Figure 2 ). Both cell lines adhered tightly to culture flasks in a monolayer sheet under growth protocols that are listed in Table 1 .
In order to confirm identity and exclude possible contaminations of the used cell lines we cloned and sequenced one of their profilin genes. We compared these sequences with the profilin 2A gene cloned from a cell line from another fish species, Pimephales promelas (fat head minnow; FHM), which has been grown for many passages in our laboratory. The comparison of a 83 nucleotides fragment shows that the profilin 2A genes cloned from the ZF4 and PAC2 cell lines are identical to profilin of the Tuebingen genomic sequence, whereas the profilin 2A sequence from the FHM cell line showed a difference of 10 nucleotides (Figure 1 ).
Flow cytometry analysis was performed to test genetic stability of the zebrafish cell lines. As a control we used the FHM cell line. Somatic cells from adult zebrafish muscle were taken as reference and it showed a nuclear DNA content (2C) of 3.86 pg, close to the value calculated from genomic sequence data [18] . The nuclear DNA contents of PAC2 and ZF4 cells were 3.84 pg/2C and 3.76 pg/2C, respectively, similar to the muscle cells. However, the FHM cell line showed a significantly lower amount of DNA, yielding 1.86 pg/2C. (A) Optimization of nucleofection in zebrafish cell lines using different preprogrammed electroporation programs. ZF4 and PAC2 cell lines were nucleofected with pmaxGFP in Nucleofector solution V and 24 hours after nucleofection, fluorescence was analyzed by fluorescent stereo microscopy. All shown photos were recorded using a Leica DC500 camera using the same settings. (B) Optimization of nucleofection in ZF4 cell line using different Nucleofector solutions. ZF4 cells were nucleofected with pmaxGFP in Nucleofector solution T and V, by electroporation programs T20 or T27. Fluorescence was analyzed by confocal laser scanning microscopic 24 hours after nucleofection. All fluorescent images were taken with the same settings.
Transfection of zebrafish cell lines using a lipid transfection reagent
Transfection of foreign DNA into vertebrate cell lines has been used as an essential tool for numerous biological studies. Many methods have been developed to achieve gene delivery, such as calcium phosphate, liposome-mediated gene transfer, electroporation or viral methods. It was reported that certain zebrafish cell lines can be used as transfection hosts [6, 16, 19] . In this study, we tested the expression of a GFP-fused actin marker construct in ZF4, PAC2 and FHM cell lines using the lipid transfection reagent Fugene 6 ( Figure 2 , Table 2 ). The GFP fluorescence localized in actin filaments in all cell lines. Transfection efficiency was determined by semiquantitative analysis using confocal laser scanning fluorescence microscopy (CLSM). More than 10% of transfected ZF4 cells showed a fluorescent signal, which is slightly lower than the efficiency achieved in FHM cells. In the PAC2 cell line only 5% of the cells showed detectable fluorescence.
Stable integration of foreign DNA in cell lines can be obtained by using antibiotics selection, neomycin (G418) being the most widely used selection reagent. We tested the cellular response of ZF4 and PAC2 cell lines to different doses of G418 (0.2, 0.4, 0.6, 0.8 and 1 mg/ml in complete growth medium). ZF4 cells were killed within 9 days by 0.8 and 1 mg/ml G418, and PAC2 cells were killed within 10 days by 1 mg/ml G418. Using 1 mg/ml G418 we were successful in obtaining stable transfected cell lines of ZF4 expressing a GFP marker gene after 20 days of selection (data not shown).
Efficient gene transfer in zebrafish cell lines by nucleofection
Nucleofection is a relatively new electroporation-based transfection method. Cells are suspended in specific Nucleofector Solutions providing cell-friendly environments and foreign DNA is delivered directly into the nucleus by electric pulses, which largely increases the transfection efficiency in hard-to-transfect cell lines. We performed this technique in ZF4 and PAC2 cell lines using the fluorescent protein-expressing vector pmaxGFP, which is provided by Amaxa as a positive control for nucleofection optimizations. We tested nucleofection solution T and V as supplied by the company Amaxa, and eight electroporation programs with different strength of electric field and length of electric pulses (Table 2, Figure 3 ). Nucleofection efficiency was determined by semi-quantitative analysis using CLSM. Results showed that nucleofection can be used for transfection in ZF4 and PAC2 cells, providing a higher efficiency than liposome-mediated transfection ( Figure 3 ). Optimal nucleofection solutions and electroporation programs for both cell lines are listed in Table 2 . Zebrafish cell lines were nucleofected with pmaxGFP, using two nucleofection solutions (T and V) and eight electroporation programs (A23, A27, G16, O17, T01, T16, T20 and T27 figure 4 . There are 360 oligonucleotide sets, which represent 349 unique genes, that gave a significant signal for both cell lines while the signal for these genes in adult fish or 24-hour embryos was not detectable. 351 oligonucleotide sets (337 genes) were detected only in the ZF4 cell line, not in any other RNA sources, whereas 165 oligo nucleotide sets (161 genes) were only detected in the PAC2 cell line. These genes were manually mapped to their putative human homologs and annotated based on the public Gene Ontology (GO) annotation. Table 3 shows the distribution of these cell line-specific genes over different functional categories. The detailed annotations and data for these genes are presented in Supplementary Table 1 .
Gene expression profiles of ZF4 and PAC2 cell lines in response to serum treatment
We also examined the gene expression profile of ZF4 and PAC2 cell lines under different culture conditions. Usually serum present in the medium is required for maintaining a cell culture, but it is possible to maintain zebrafish cell cultures in viable condition in the absence of serum for over three days. In this study, ZF4 and PAC2 cells were seeded in 0.5% or 1% FCS, respectively, and grown to 85% confluence and subsequently cultured for 24 hours without serum. Then they were treated with either medium without serum or medium with serum (ZF4 in 10% FCS and PAC2 in 15% FCS). After 6 hours, RNA was extracted from the cells and analyzed using the Affymetrix chip as described above. The resulting datasets were analyzed using the Rosetta Resolver software package. The numbers of differentially expressed genes detected at different P-values are shown in Figure 5 . The results show that ZF4 and PAC2 cell lines had different expression profile responses in the absence or presence of serum ( Figure 6 ). For example, Txnip (thioredoxin interacting protein, NM_200087) was 1.4-fold lower expressed in ZF4 cells treated with FCS compared to the serum-starved ZF4 cells, but 38.4-fold higher expressed in PAC2 cells treated with FCS compared to the serum-starved PAC2 cells. Vegf (vascular endothelial growth factor, NM_131408) was 3-fold upregulated in ZF4 cells in the presence of FCS, and 1.5-fold down-regulated in the presence FCS in PAC2 cells.
Quantitative real-time PCR (qPCR) was performed to verify the data obtained by microarray analysis. We selected five genes that showed differential expression and β-actin was taken as reference ( Figure 6 ). The results of quantitative real-time PCR analysis confirmed the expression change of the selected genes demonstrated by microarray analysis and they confirmed the unique gene expression profiles of ZF4 and PAC2 cell lines. The graph displays the number of genes in ZF4 and PAC2 cell lines that showed ≥2-or ≥3-fold upregulated or downregulated expression in response to serum at different P-values determined by Rosetta Resolver software analysis.
Figure 6. Confirmation of microarray results by quantitative real-time PCR.
(A) Quantitative real-time PCR was performed on five genes that showed differential expression in response to serum in ZF4 and PAC2 cell lines: Chst11 (carbohydrate sulfotransferase 11, NM_212824), Txnip (thioredoxin interacting protein, NM_200087), Glula (glutamate-ammonia ligase a, NM_181559), STAT1 (signal transduction and activation of transcription 1, NM_131480) and Vegf (vascular endothelial growth factor, NM_131408). Their fold-changes detected by microarray and qPCR assay are listed in the table. Induction by serum is indicated by '+' and repression by serum is indicated by '-'. (B) Bars represent the expression level compared to the β-actin housekeeping gene.
Discussion
In the present study we characterized the genomic stability and the transcriptome profile of two zebrafish cell lines, ZF4 and PAC2, under different cell culture conditions. Our detailed analyses make these cell lines very valuable to be used as model cell lines for zebrafish research. Since zebrafish cell lines are easy to maintain at room temperature they are also very attractive for general microscopy applications outside the zebrafish field. The availability of the ZF4 cell line in the ATCC collection makes this cell line very attractive for standard analyses.
Transfection is an essential tool for numerous in vitro applications including studies of gene expression and intracellular cell signaling. In comparison with many mammalian cell lines, zebrafish cell lines have not been intensively exploited for genetic manipulations. One reason is that most cultured fish cells appear to be sensitive to transfection reagents commonly used in mammalian cell lines [20] . We showed that transient and stable transfections can be performed in ZF4 and PAC2 cell lines by lipid mediated transfection reagents. However, we noticed that under the same condition, transfection efficiencies achieved in ZF4 and PAC2 lines are lower than the efficiencies achieved in other fish cell lines, such as FHM and ZFL cell lines, and some widely used mammalian cell lines such as HEK293 and Jurkat cell lines (data not shown). Since efficient gene transfer is required for many applications in cell lines, we analyzed the use of nucleofection, a recently developed electroporation-based transfection method in ZF4 and PAC2 cell lines.
Here we report the successful and efficient introduction of a GFP marker construct in ZF4 and PAC2 cell lines by nucleofection. Therefore nucleofection appears to be a highly efficient gene transfer method for the introduction of genes into zebrafish cell lines, which offers new opportunities for using zebrafish cell lines in various research applications.
By comparing the gene expression profiles of the ZF4 and PAC2 cell lines to the expression profiles of 24-hour zebrafish embryos and adult fish, we revealed 847 genes that were only detected to be expressed in cell lines, including genes involved in cell cycle and proliferation, cell differentiation, metabolism, cytoskeleton dynamics, signal transduction and transcription. These results are very valuable for researchers interested in further studies of these particular sets of genes. In addition, our data showed both similarity and cell-type specific differences at the transcriptome level between the ZF4 and PAC2 cell lines. About eight thousand genes present on the Affymetrix zebrafish genechip are commonly transcribed in these two cell lines, whereas 1385 genes transcribed in ZF4 cell line were not transcribed in PAC2 cell line. On the other hand, 485 genes transcribed in PAC2 were not detected to be transcribed in ZF4. It could be considered surprising that these cell lines are quite different in their expression profiles. However, their appearance in cell cultures and their transfection efficiencies are also quite different ( Figure 2 ) and therefore it is likely that the PAC2 cell line does not represent the same cell type as ZF4. Further studies of these cell lines should indicate the functional relevance of these different expression patterns. Our data has been submitted to ArrayExpress (http://www.ebi.ac.uk/arrayexpress/) to present a resource data set that can be used as an open reference for comparison to data of other groups. It will be useful to compare our data to future expression data obtained from many different isolated tissues, and in a complementary approach, with data obtained from many other cell cultures.
Serum, the soluble fraction of coagulated blood in vivo, is normally encountered by cells involved in wound healing response, which has a proposed link with cancer progression [21] . Study of genomic response of human fibroblast cells to serum and the wound-like gene expression pattern in human cancers showed that the many fibroblast serum-response genes are coordinately regulated in diverse types of cancers. For example, Chang et al. reported that a set of core serum response (CSR) genes repressed by serum in human fibroblasts were mostly expressed in a reciprocal pattern in tumors [21, 22] .
In this study, we examined the gene expression profiles of the fibroblast ZF4 and PAC2 cell lines in cultures with and without the presence of serum, and discovered sets of genes activated or repressed by serum in zebrafish fibroblast cell lines.
Comparison of their profiles showed that more than 1500 genes were regulated in a common manner in both cell lines, whereas around 100 genes were regulated in a cell-line-specific pattern.
Ontology annotation of the zebrafish fibroblast serum-response genes showed that a number of these genes are involved in wound-healing related programs such as cell cycle and proliferation, epithelial cell migration and angiogenesis, similar to the human fibroblast serum response. For example, we found that zebrafish VEGF was 3 folds induced by 6 hours of serum-treatment in ZF4 cell line, which is very similar to the 2 folds induction of VEGF after 6 hours of serum-treatment in human foreskin fibroblasts reported by Lyer et al. [22] . In contrast, VEGF was repressed in the PAC2 cell line by the serum treatment indicating that links with cancer gene expression should be regarded in a tissue specificity context where even fibroblast cell types might differ.
In recent publications [21, 23, 24] , it was suggested that, due to the conservation of expression profiles at different levels between fish and human tumors, applying comparative transcriptome profile analysis among evolutionary distant species can reveal specific gene expression signatures contributing to the molecular pathogenesis of human cancer. We believe that the further study on responses of zebrafish fibroblast cell lines to growth factors such as those present in serum will benefit from the advantages of the zebrafish cell implant system [5, 25] . This will, for instance, contribute to cross-species validation of models for molecular control mechanisms of cancer. Flow cytometric DNA measurement
Materials and Methods
Cells were plated in 6-well culture plates (Greiner Bio-one GmbH) and cultured to confluency. Cells were washed with PBS-EDTA (PBS + 1mM EDTA, InvitrogenGibco), resuspended in 100 μl PBS and 900 μl 100% ethanol and maintained at -20°C for at least 30 min. Prior to analysis, the cells were washed again with 1 ml PBS-EDTA, resuspended to a single cell suspension in 500 μl PBS-EDTA and treated with 7.5 μM Propidium Iodide (Sigma-Aldrich) and 10 μg/ml RNase A (Sigma-Aldrich). After incubation at room temperature for 20 min in darkness, cells were analyzed on a CAII flow cytometer (Partec GmbH, Munster, Germany).
Agave stricta leaf was used as internal standard (2C = 7.84 pg).
Transfection in zebrafish cell cultures
Transfections were carried out using the Fugene 6 Reagent (Roche) according to the manufacturer's instructions. Cells were seeded in 4-well cover slide chambers (Lab-Tek II, German Coverglass system) and allowed to grow to 70% confluency. Before transfection, medium was removed from the cells and replaced by serumfree medium. For all transfections, 1 μg of DNA and 3 μl of Fugene 6 Reagent were combined in serum-free cell-specific medium. After a 15 min incubation at room temperature, the DNA:Fugene mixtures were applied to the cells. After 4-6 hours, the cells were washed with fresh medium to remove Fugene.
Nucleofection in zebrafish cell cultures DNA for nucleofection was prepared using the GenElute Endotoxin-free plasmid kit (Sigma-Aldrich) according to the manufacturer's instructions. 2x10 6 cells were harvested and resuspended in 100 μl Nucleofector Solution (Amaxa, Cologne, Germany) containing 5 μg DNA for each nucleofection. The cell suspension was transferred into a kit-provided cuvette and positioned into a Nucleofector device. The nucleofections were performed with a single pulse using the preprogrammed nucleofection programs according to the manufacturer's instructions (see Table 2 ). After the nucleofection cells were transferred into 4-well cover slide chambers (Lab-Tek II) containing prewarmed medium using kit-provided plastic pipettes.
RNA isolation from adult zebrafish, embryos and cell cultures ZF4 and PAC2 cells were seeded in T75 flasks (Greiner Bio-one) and sampled at 95% confluence. Adult zebrafish or 24-hour zebrafish embryos (provided by Georg Otto) were homogenized in liquid nitrogen. Total RNA samples were extracted using Trizol reagent (Invitrogen) according to the manufacturer's instructions. To remove genomic DNA, RNA samples were incubated at 37 °C for 15 min with 10 units of DNaseI (Roche). Next the RNA samples were purified over RNeasy columns (Qiagen) according to the RNA Cleanup protocol in the RNeasy Mini Handbook (Qiagen). Total RNA concentrations were determined spectrophotometrically using a Biophotometer (Eppendorf). Optical density A260/A280 ratios of all samples ranged from 1.8-1.9, indicating high purity. 
Hybridization of Affymetrix microarrays
Total RNA (2 μg) was used for first and second strand cDNA synthesis as described in the Affymetrix GeneChip Expression Analysis Technical Manual (Affymetrix). For each condition biological duplications were taken. The resulting double-stranded cDNA was used as a template for biotin labeling with the MEGAscript T7 kit (Ambion) according to the manufacturer's instructions. Hybridization and scanning were performed according to standard Affymetrix protocols. Equal amounts of labeled cRNA were used per zebrafish GeneChip array. The 3′/5′ ratio values for GADPH were below the acceptable level of 2 in all experiments. The number of present calls varied between 60 and 75%.
Microarray data analysis
Affymetrix GeneChip data were extracted and normalized using Affymetrix GCOS software.
The data has been submitted to ArrayExpress (http://www.ebi.ac.uk/arrayexpress/). For analysis, data outputs were imported into Rosetta Resolver 5.0 (Rosetta Inpharmatics LLC). Individual arrays were normalized using default settings. After that, replicate intensity profiles were combined using the default intensity experiment builder implemented in the Rosetta Resolver system (for details see http://info.rosettabio.com/). For the dataset shown in fig 5, cells treated with FCS were compared against pre-starved cells and ratio experiments were built using experiment definition in the Rosetta Resolver system.
Quantitative PCR
Quantitative real-time PCR was performed using the Chromo4 Four-color Realtime PCR detection system (Bio-Rad laboratories, Hercules, CA) according to the manufacturer's instructions. Gene-specific primers for quantitative real-time PCR were designed to generate single gene-specific amplicons of 75-150 nucleotides. Reactions were performed in a 25 μl volume comprised of 1 μl cDNA, 12.5 μl of 2x iQ SYBR Green Supermix (Bio-Rad) and 10 pmol of each primer. Cycling parameters were 94 °C for 3 min to activate the polymerase, followed by 40 cycles of 94 °C for 15 sec and 59 °C for 45 sec. Fluorescence measurements were taken at the end of each cycle. Melting curve analysis was performed to verify that no primer dimers were amplified. All reactions were done in duplicate or triplicate and the threshold cycle C T values [26] were plotted against the base 10 log of the amount of cDNA by using Opticon Monitor 3.1 (Bio-Rad) according to the manufacturer's instructions. For evaluation of PCR efficiencies of all primers sets standard curves were generated using serial diluted cDNA samples (dilution factors of 1, 5, 25, 125 and 625) and strong linear correlations between the C T values and the log of input cDNA amount were obtained, indicating correlation coefficiencies ranging from 98% to 101%. Data were normalized using the Genex macro provided by Bio-Rad. β-actin was taken as reference and it showed unchanged expression level between starved and FCS-treated cells based on both microarray and quantitative real-time PCR data. Sequences of forward and reverse primers were 5'-CGAGCAGGAGATGGGAACC and 5'-CAACGGAAACGCTCATTGC for β-actin (accession no. AF057040), 5'-AGGAAATGCGGGAAGATGGTG and 5'-CATAGGTGCGGATGTGATAGTTG for glula (glutamate-ammonia ligase a, accession no. NM_181559), 5'-CGGAGGTGACCAGAGTGATG and 5'-CTGTTGGATGTTCGTCTAGTTGG for txnip (thioredoxin interacting protein, accession no. NM_200087), 5'-AGTATGAGACTCTGGAGGATGATG and 5'-TTGGCAAACGATGGGAAGC for chst11 (carbohydrate sulfotransferase 11, accession no. NM_212824), 5'-GCGGCTCTCCTCCATCTG and 5'-ACATCCATGAAGGGAATCACATC for vegf (vascular endothelial growth factor, accession no. NM_131408), 5'-CAAGACAATCCTGTTTCAATGGC and 5'-TCGGTGTTGGACTCTCTGAC for STAT1 (signal transduction and activation of transcription 1, accession no. NM_131480).
